Mutations in the adenomatous polyposis coli (APC) gene are responsible for familial adenomatous polyposis coli and also sporadic colorectal cancer development. By using antibodies raised against the N-terminal region of APC protein, we have detected the variable masses of endogenous APC proteins in individual cell lines established from human colorectal carcinomas caused by nonsense mutations of the gene. Phosphorylation of immunoprecipitates of full-length and truncated APC were observed in in vitro kinase reaction, indicating association of APC with protein kinase activity. The kinase activity complexed with APC was sensitive to heparin and used GTP as phosphoryl donor, suggesting an involvement of casein kinase 2 (CK2). Both CK2␣-and ␤-subunits were found to associate with APC in immunoprecipitates as well as in pull-down assays, with preferential interaction of APC with tetrameric CK2 holoenzyme. In synchronized cell populations, the association of APC with CK2 was cell cycle dependent, with the highest association in G 2͞M. Unexpectedly, APC immunoprecipitates containing full-length APC protein inhibited CK2 in vitro, whereas immunoprecipitates of truncated APC had little effect. This was confirmed by using recombinant APC, and the inhibitory region was localized to the C terminus of APC between residues 2086 and 2394. Overexpression of this fragment in SW480 cells suppressed cell proliferation rates as well as tumorigenesis. These results demonstrate a previously uncharacterized functional interaction between the tumor suppressor protein APC and CK2 and suggest that growthinhibitory effects of APC may be regulated by inhibition of CK2.
T
he tumor suppressor adenomatous polyposis coli (APC) encoded by the APC gene is linked to familial adenomatous polyposis (1, 2) . APC is inactivated by mutations, frequently involving C-terminal truncations of the protein, which are an early event in the development of most colon adenomas and carcinomas. Full-length APC functions as a negative regulator of Wnt signaling, which regulates embryonic pattern formation. Current models suggest that the tumor suppressor effect of APC is from APC-dependent degradation of ␤-catenin and subsequent suppression of growth-promoting signals. Wild-type APC, in concert with other cellular proteins such as Axin, Dishevelled, GSK3␤, ␤-TrCP, CK1␤, and protein phosphatase 2A, decreases the intracellular level of ␤-catenin (3) (4) (5) (6) . On the other hand, mutant inactivated APC observed in colon cancers activates Wnt signaling by allowing ␤-catenin to accumulate and translocate into the nucleus and enhancing ␤-catenin-TCF-mediated transcription of proliferative genes such as myc, cyclin D1, PPAR␥, TCF-1, siamois, and engrailed, resulting in a production of continuous proliferation signals (3) .
In addition to ␤-catenin, other targets are likely to regulate mechanisms by which APC suppresses cell proliferation. Involvement of phosphoinositide metabolism and phospholipase C enzymes (7, 8) , phospholipase A 2 (9, 10) , and phosphatidylinositol 3-kinase (11) in colorectal tumorigenesis caused by APC dysfunction after mutagenesis has been reported. Molecular events such as protein phosphorylation also play important roles in APC-dependent cell proliferation. APC protein has been reported to be phosphorylated by protein kinases including GSK3␤, protein kinase A, p34 cdc2 , and CK1␤ (5, 6, 12) . With GSK3␤, the phosphorylated APC becomes associated in a stable complex formed by axin, GSK3␤, and ␤-catenin, resulting in destabilization of ␤-catenin. APC phosphorylation by tyrosine kinase (13) and hyperphosphorylation of APC after cell-cycle arrest with nocodazole (14) also have been described, although the kinases involved have not been identified yet. Thus, a mechanistic link between APC and phosphorylation in suppression of cell proliferation is still unclear.
To characterize the biochemical significance of APC on cell proliferation and progression of colorectal cancer, we analyzed protein kinases that associate with normal or truncated APC. Here, we show that APC directly interacts with casein kinase 2 (CK2) in a cell cycle-dependent manner. We demonstrate further that the C-terminal region of APC strongly suppresses the kinase activity of CK2, although APC-CK2 interactions involve the N-terminal region of APC. Thus, in colorectal carcinomas, truncated APC mutants lacking the C-terminal domain bind to CK2 but fail to effectively suppress CK2 activity. The results indicate that heterocomplex formation between CK2 and fulllength APC regulates CK2 activity in vivo and has regulatory effects on cell-cycle progression. These findings provide insight into understanding the molecular link between APC and the regulation of phosphorylation-dependent signal transduction.
Materials and Methods
Cell Culture. KMS-4 and KMS-8 cells are colorectal carcinoma cells derived from familial adenomatous polyposis patients (15) , and SW480 and DLD-1 cells are colorectal carcinoma cells from nonfamilial colorectal carcinoma patients. All four lines were grown in RPMI 1640 medium containing 10% (vol/vol) FBS. TIG-3 and TIG-7 cells are normal human fetal lung fibroblasts grown in DMEM supplemented with 10% (vol/vol) FBS. Normal cells used in this study were at less than 30 population doublings. All cells were maintained at 37°C in a humidified, 5% CO 2 incubator. For cell synchronization, logarithmically growing TIG-3 and SW480 cells were starved in 0.2% FBS for 48 h. Cells were collected in G 0 phase or released into fresh medium containing 10% (vol/vol) FBS and cultured for an additional 14-16 h to obtain cell populations synchronized at S phase. Cells were arrested at pro-metaphase by adding 50 ng͞ml nocodazole to the growth medium 30 min after release, allowed to incubate for an additional 24 h, and collected by mechanical shake-off or by gentle pipetting. Cell growth was monitored by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay at the indicated time point. Colony formation assay was performed in 0.3% soft agar; the number of colonies was counted after 3 weeks in triplicate plates.
Immunoprecipitations and Immunoblotting. Logarithmically growing cells were washed with PBS and harvested in a lysis buffer consisting of 50 mM Tris⅐HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10 mM ␤-glycerophosphate, 1 mM sodium orthovanadate, 0.5% Nonidet P-40, 1% deoxycholic acid, 0.1% SDS, 1 mM PMSF, 10 g͞ml aprotinin, 10 g͞ml pepstatin, and 10 g͞ml leupeptin. Lysates were clarified by centrifugation at 100,000 ϫ g for 30 min at 4°C to obtain the supernatant fraction whose protein concentrations were measured and normalized to 2-5 mg͞ml protein. Total protein extracts then were precleared by incubation with protein A-Sepharose for 30 min and then incubated at 4°C for 2 h with polyclonal anti-APC antibodies. The latter were raised in rabbits immunized with a synthetic peptide corresponding to residues 114-127 of human APC, SSRSGECSPVPMGSFPRRGFVN. Immune complexes were recovered with protein A-Sepharose, washed three times with 50 mM Tris⅐HCl, pH 7.8͞0.1 M NaCl͞0.5% Nonidet P-40, and solubilized with Laemmli's sample buffer (16) . The proteins were separated by SDS͞PAGE and then were transferred to Immobilon-P membrane (Millipore). The membranes were probed with mouse monoclonal anti-APC antibody (OP-44; Calbiochem) and horseradish peroxidase-conjugated protein A (Amersham Pharmacia) and developed by enhanced chemiluminescence (DuPont).
In Vitro Phosphorylation Assays. Immunoprecipitates obtained by using anti-APC polyclonal antibodies were incubated at 30°C for 15 min with 20 mM Hepes, pH 7.4͞10 mM ␤-glycerophosphate͞ 5 mM MgCl 2 ͞10 g/ml aprotinin͞5 g/ml leupeptin͞1 mM PMSF͞0.2 mM ATP͞1 Ci [␥- In some experiments, recombinant GST-CK2␣ and GST-CK2␤ were added after purification. Phosphorylation reactions were stopped by addition of 4ϫ Laemmli sample buffer and boiled for 5 min. Samples were separated by SDS͞5% PAGE and detected by autoradiography. The catalytic activity of CK2 also was determined by P81 phosphocellulose binding by using a specific CK2 substrate peptide, RRREEETEEE, as described (17) .
Production of Recombinant Proteins and Transfections. APC fragments corresponding to codons 2086-2843, 2086-2394, 2226-2560, and 2518-2843 were derived from PCR-amplified cDNA cloned from a human fetal fibroblast library. The following primers were used to generate each fragment: 2086-2394, 5Ј-TAGGATCCCCAGATTCAGAACATGGTCTAT and 5Ј-TCGTCGACTCCTTTGGAGGCAGACTCACTT; 2518-2843, 5Ј-CAGGATCCAATGATGGAAGACCAGCAAAGC and 5Ј-ACGAATTCAACAGATGTCACAAGGTAAGAC. cDNA encoding fragment 2226-2560 was produced by cleaving the PCR fragment 2086-2843 with XhoI. Full-length cDNA for human CK2 subunits ␣, ␣Ј, and ␤ were amplified by PCR as described (18, 19) . All constructs were confirmed by DNA sequencing. APC deletion constructs and CK2 subunits were subcloned into pGEX-4T (Pharmacia) and pGEX-2T, respectively, and transformed into Escherichia coli strain AD3 grown in LB medium. Protein expression was induced with 0.1 mM isopropyl thiogalactopyranoside for the last 2 h. The recombinant glutathione S-transferase (GST)-fusion proteins were purified by affinity adsorption to glutathione-Sepharose, as suggested by the manufacturer (Pharmacia), and eluted from the resin with 10 mM reduced glutathione͞20 mM Tris⅐HCl, pH 8.0. The purity and quantity of the fusion proteins were estimated by SDS͞PAGE and Bradford analysis. Approximately 10 mg of GST-CK2␣ and GST-CK2␣Ј, 14 mg of GST-CK2␤, and 3 mg of APC fragments were obtained from each 400-ml culture. Purified APC fragments 959-1338 and 1211-2075 (4) were kindly provided by Akira Kikuchi (University of Hiroshima).
For mammalian expression, cDNAs of the above APC fragments were subcloned into pEGFP-C1 (CLONTECH) or pCDNA3-NFLAG (Invitrogen). For transient transfections, cells were transfected by using Lipofectamine-Plus reagent according to manufacturer's instructions (Life Technologies, Gaithersburg, MD). For the generation of stable cell lines, the medium was changed to DMEM containing 10% (vol/vol) FBS the following day, and cells were allowed to recover 1 day before selection with G418 (400 g͞ml). After 3 weeks in G418, clones were isolated and analyzed for APC expression.
Results
Truncated Forms of APC in Colorectal Cancer Cells. We used rabbit polyclonal antibodies to the N terminus of APC, which were effective in immunoprecipitating endogenous protein. As shown in Fig. 1A , whereas full-length APC protein (Ϸ300 kDa) was observed only in normal TIG-3 and TIG-7 fibroblasts, human colorectal cancer cell lines expressed truncated forms of various sizes. SW480 and DLD-1 cells, derived from human sporadic colorectal carcinomas, expressed a 140-kDa form of APC, which was consistent with previous reports of nonsense mutations present at codon 1338 in SW480 cells and codon 1427 in DLD-1 cells. KMS-4 and KMS-8 cells expressed truncated APC proteins of 100 kDa and 60 kDa, respectively. Thus, immunoprecipitation followed by Western blotting clearly demonstrated the sizes of endogenous APC proteins expressed in different colorectal carcinoma cell lines and validated previous mutational analyses. We also note that the steady-state level of APC in normal cells was less than one-third of those in carcinoma cells. This may reflect differences between normal and carcinoma cells because of DNA alkylation or methylation at the promoter region of the APC gene, as reported (20, 21) .
Protein Kinases in APC Immune Complexes. In vitro phosphorylation reactions were performed by using anti-APC immunoprecipitates to prove potential associations with kinase activities. As shown in Fig. 1B , APC precipitated from normal human fibroblast TIG-3 lysates associated with little or no kinase activity, even in the presence of serine͞threonine or tyrosine phosphatase inhibitors, okadaic acid, or pervanadate (data not shown). On the other hand, APC as well as other proteins was readily phosphorylated in immunoprecipitates obtained from carcinoma cells SW480 and KMS-8. Most of these phosphoproteins also were observed in kinase reactions by using GTP as a phosphate donor (Fig. 1C) . In addition, APC phosphorylation was inhibited strongly upon addition of heparin (10 ng͞ml) to the reaction mixture (Fig. 1B) . Such behavior suggested a possible involvement of CK2 in the phosphorylation reactions, given that CK2 is known to be inhibited by polyanionic compounds including heparin, and is unusual among protein kinases in using both GTP and ATP as a phosphoryl donor (22) . Therefore, anti-APC immunoprecipitates were probed with polyclonal antibodies recognizing ␣-and ␤-subunits of the tetrameric CK2 holoenzyme (19) . Both ␣-and ␤-subunits were readily detected and highest in the immunoprecipitates from KMS-4, KMS-8, and SW480 cells (Fig. 2A) . In these cell lines, approximately 15% of total CK2 was found to associate with APC (data not shown). In normal TIG-3 cells that express full-length APC protein, smaller but significant amounts of CK2-␣ and CK2-␤ were found in APC immunocomplexes. As reported (23), ␤-catenin was detected in all APC immunoprecipitates and the amount associated with full-length APC in normal TIG cells was lower than in carcinoma cells, possibly because of accelerated degradation (Fig. 2 A) .
Binding of Full-Length and Truncated-APC to CK2. In vitro binding of full-length vs. truncated APC with CK2 was assayed by incubat-ing purified fusions of GST-CK2␣, ␣Ј, and ␤ (Fig. 2B ) with cell lysates obtained from logarithmically growing TIG-3 and SW480 cells and analyzing bound proteins by immunoblotting with monoclonal anti-APC antibody. As shown in Fig. 2C , full-length APC protein bound best to CK2 holoenzyme formed by mixing GST-CK2␣ and ␤, and also to CK2␣, but did not bind CK2␤ or GST alone. Similar behavior was observed with the 140-kDa APC derived from SW480 cells (Fig. 2C) . Both forms recognized CK2␣ preferentially to CK2␣Ј subunit. These results indicated that CK2␣ likely binds directly to APC and that the binding site is contained within the N-terminal 140-kDa region of the APC protein. On the other hand, CK2␤ does not directly bind APC but binds only via its association with ␣ and͞or ␣Ј in the tetrameric CK2 holoenzyme.
Full-length APC is a tumor suppressor protein that downregulates proliferative cell-cycle signaling but up-regulates proliferation when inactivated by deletion or mutation. We therefore hypothesize that if association of APC and CK2 functions to regulate proliferation, the association may occur in a cell cycle-dependent manner. This was tested by synchronizing TIG-3 and SW480 in G 0 , G 1 ͞S, and G 2 ͞M phase and analyzing anti-APC immunoprecipitates for association with endogenous CK2. In TIG-3 cells, the association of APC with CK2␣ was highest in G 2 ͞M and also in G 1 ͞S, but not in G 0 (Fig. 3A) . In contrast, in SW480 cells, APC-CK2 interactions were observed at all phases in the cell cycle, although its highest level occurred in G 2 ͞M. Cellular levels of full-length or truncated APC and CK2␣ were constant during the cell cycle in both TIG-3 and SW480 cells. The results suggest that APC and CK2␣ interactions are cell cycle-regulated.
We next examined whether phosphorylation of full-length APC occurred in cell cycle-arrested cell populations. As shown in Fig. 3B , phosphorylation of immunoprecipitated full-length APC protein from TIG-3 cells was observed by autoradiography when cells were synchronized in G 2 ͞M phase, in which the association of APC with endogenous CK2 holoenzyme is maximal. Phosphorylation was enhanced further by adding exoge- Recombinant GST-CK2␣, GST-CK2␣Ј, and GST-CK2␤ were separated by SDS͞ 12% PAGE, and proteins were visualized by Coomassie blue staining. (C) CK2 pull-down assay. Cell lysates (Ϸ2 mg) were prepared from TIG-3 (Upper) and SW480 (Lower) and incubated with GST-CK2␣, GST-CK2␣Ј, GST-CK2␤, a 1:1 mixture of GST-CK2␣ and GST-CK2␤, or GST alone (Ϸ1 g), each immobilized on glutathione-Sepharose beads. After washing thoroughly, binding proteins were solubilized and separated by SDS͞5% PAGE, followed by immunoblotting with anti-APC mAb.
nous CK2␣͞␤ holoenzyme. Importantly, autophosphorylation of exogenous CK2␣ and CK2␤ was attenuated in G 2 ͞M compared with other phases of cell cycle. These results suggested that the cell cycle-dependent binding between APC and CK2␣, in which the higher binding of APC to CK2 in G 2 ͞M occurs, may suppress CK2 activity.
Full-Length but Not Truncated APC Inhibits CK2 Activity. To examine further the biological significance of APC-CK2 interactions, we measured the catalytic activity of CK2 bound to APC. Anti-APC immunoprecipitates or control IgG precipitates were prepared from TIG-3 cells synchronized in G 2 ͞M and were added to reaction mixtures containing purified recombinant CK2. In this assay, the catalytic activity of recombinant CK2␣ protein was enhanced by the addition of ␤-subunit as shown in Fig. 4 . Addition of full-length APC inhibited the catalytic activity of CK2␣ and CK2␣͞␤ by 45% and 70%, respectively. In marked contrast, addition of truncated APC derived from SW480 cells did not affect CK2 activity, indicating large differences between the ability of full-length and C-terminal truncated forms of APC to regulate CK2. To verify that the inhibition of CK2 activity specifically was from APC protein itself, we tested full-length APC partially purified from pig brains by sequential column chromatography. This APC-containing preparation also inhibited CK2␣ by 20% (data not shown), suggesting that APC most likely attenuates CK2 by direct binding. This was examined further by preparing recombinant APC fragments overlapping the C-terminal half of the 300-kDa protein (Fig. 5A ) and examining their effects toward CK2 activity. As shown in Fig. 5B , C-terminal fragments corresponding to residues 2518-2843 and 2086-2394 exhibited strong inhibition compared with other fragments corresponding to 959-1338 or 1211-2075. Doseresponse curves showed that the inhibition was dramatically dependent on the concentration (Fig. 5C ) and the incubation period (data not shown). In particular, complete suppression of CK2 activity was observed at approximately equimolar levels of APC fragments. These results suggest that the truncation of the C-terminal region of APC by mutation causes a loss of regulation of CK2, which may be involved in tumorigenesis.
Inhibition of Tumor Growth by CK2 Inhibitor Polypeptide. Finally, the in vivo significance of the interaction between APC and CK2 for regulating cell proliferation was examined. Stable 293 or SW480 cells expressing the inhibitory C-terminal fragment 2086-2394 (APC-C) were isolated and monitored in growth and transformation assays. As shown in Fig. 6A , 293 cells constitutively expressing the C-terminal fragment from either FLAG-or GFP-vector strongly suppressed growth rates, increasing doubling times by 2-fold compared with control cells. Likewise, assays for colony formation on soft agar in SW480 showed that expression of the C-terminal reduced outgrowth of cells by about 70% (Fig. 6B) . These results are consistent with a model in which inhibitory interactions between APC and CK2 perturb cell proliferation as well as cellular transformation in a manner correlated with inhibition of catalytic activity of CK2.
Discussion
The tumor suppressor APC is linked to the initiation of sporadic human colorectal cancer. Full-length APC protein negatively regulates signaling pathways for cell growth and tumorigenesis. APC is inactivated by mutation, frequently through C-terminal truncations. This demonstrates an important role of the Cterminal half of the molecule in the normal tumor suppressor functions of APC. Our results revealed a cellular target controlled by APC, providing the evidence that APC binds to and functionally interacts with CK2. We demonstrated that CK2 binds to APC through the direct interaction of CK2␣-subunit and an N-terminal region of APC in a cell cycle-dependent manner and that full-length APC, but not the C-terminal truncated forms of APC, inhibits the kinase activity of CK2. We further confirmed the suppressive effect of polypeptide identical to a C-terminal region of APC on cell growth and anchorageindependent colony formation. Because CK2 is known to be an important regulator for cell proliferation (22, 24, 25) , our findings reveal a mechanism for APC in tumor and growth suppression through interference with CK2.
One mechanism underlying the malignant cell growth and tumorigenesis of the C-terminal truncation of APC proposes loss of inhibitory effects of APC toward the ␤-catenin pathway. When APC is inactivated by truncation, the Wnt pathway is activated, allowing ␤-catenin to accumulate and translocate into the nucleus, complex with TCF, and activate transcription of genes such as myc, cyclin D1, and TCF-1 (3), which, in turn, produce continuous signals for proliferation. Our results provide evidence for an additional function of APC in binding CK2 and suppressing its activity.
It is noteworthy that the full-length and C-terminal truncated forms of APC protein had distinct effects on CK2. Whereas the full-length form suppressed CK2 activity, the truncated 140-kDa product, commonly observed in colon cancer, had no effect on CK2, although it was able to interact with CK2. Thus, the suppressive effect of the C-terminal region of APC on CK2 correlates well with the antitumor activity of APC. On the other hand, when APC is inactivated by its truncation, the inhibition of CK2 is attenuated, which could enable sustained activation of CK2. In analogy with previous results using antibody microinjection or antisense oligonucleotides to ablate CK2 activity (26) , derepression of CK2 by APC mutations may well promote constitutive cell-cycle progression.
CK2 is a pleiotropic, ubiquitous, and constitutively active protein kinase, with both cytosolic and nuclear localization in most mammalian cells. CK2 has many cellular targets and forms different signaling complexes in different locations, which reflect the multifunctional nature of CK2. CK2 is believed to promote tumorigenesis, because its activity and protein content are enhanced in many human tumors, transformed cell lines, growthstimulated cells, and rapidly proliferating tissues (27) (28) (29) . APC is the first endogenous protein found to suppress the kinase activity of CK2. The kinase activity of catalytic ␣-and ␣Ј-subunits is enhanced by association with ␤-subunit, most likely by stabilization of ␣ and ␣Ј. In our study, APC inhibited the activity of CK2␣͞␤ holoenzyme to a much larger extent than the catalytic ␣-subunit, although the binding interaction occurred exclusively through the ␣-subunit. Importantly, almost complete inhibition was observed at 1:1 stoichiometries of CK2 and APC. Thus, it is conceivable that APC protein reduces the stability of the ␣-subunit by direct inactivation of its catalytic center.
We also found that the association of CK2 with APC is cell cycle-dependent, reaching its highest levels during G 2 ͞M in normal cells. Although the mechanism is obscure, several aspects of APC and CK2 signaling may reflect this cell-cycle dependence. A number of cellular proteins including cell cycledependent kinases and nuclear factors interact with CK2. In particular, p34 cdc2 phosphorylates and activates CK2 (30) . Alternatively, inhibition of CK2 accelerates the degradation of ␤-catenin and Dvl proteins in Wnt signaling, which causes cell-cycle arrest in mammalian cells (31) , and inactivation of CK2 in the temperature-sensitive yeast strains results in cell-cycle arrest in G 1 ͞S or G 2 ͞M (24). This implies an important role for regulation of CK2 activity for maintaining normal properties of cell division. Our results raise the possibility that CK2 activity is negatively regulated in G 2 ͞M by interaction with APC.
Likewise in mammalian cells, introduction of neutralizing antibodies or antisense oligonucleotides directed against CK2 inhibits cell-cycle progression (26) . In analogy with these strategies to attenuate CK2 activity, suppression of CK2 by introduction of APC fragments would control cell growth of aberrant cells. Our study localized the region within APC required for the CK2 inhibition; the 34-kDa fragment corresponding to residues 2086-2394 was the smallest domain among fragments tested so far. Expression of this fragment in transformed cells prevented cell growth and colony formation on soft agar. Additional studies are needed to determine the minimum inhibitory region and kinetics of the inhibition. Thus, small molecule or peptide agonists based on APC interference of CK2 eventually may prove useful for colon cancer therapeutics.
